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Structure of the Rho Family GTP-Binding Protein
Cdc42 in Complex with the Multifunctional
Regulator RhoGDI
(Geyer and Wittinghofer, 1997). This information is be-
ginning to provide a comprehensive picture for the mo-
lecular basis of guanine nucleotide exchange and GTP
hydrolysis. Significantly less is understood about the
regulatory mechanisms of GDI proteins. It is now known
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Ithaca, New York 14853 that there are at least three members of the RhoGDI
family which have been designated GDI1 (also RhoGDI
or GDIa), GDI2 (also D4- or Ly-GDI or GDIb), and GDI3
(also GDIg). Unlike the GEFs and GAPs, which catalyzeSummary
a single reaction, the Rho family±specific GDIs appear
to be capable of at least three distinct biochemical activ-The RhoGDI proteins serve as key multifunctional reg-
ulators of Rho family GTP-binding proteins. The 2.6 AÊ ities. The first activity to be characterized, for which the
proteins were originally named (Fukumoto et al., 1990;X-ray crystallographic structure of the Cdc42/RhoGDI
complex reveals two important sites of interaction be- Leonard et al., 1992), involves the ability of the GDI to
block the dissociation of GDP from Cdc42, Rac, andtween GDI and Cdc42. First, the amino-terminal regu-
latory arm of the GDI binds to the switch I and II do- Rho. GDI-mediated inhibition of GDP dissociation has
been observed both when using excess EDTA to weakenmains of Cdc42 leading to the inhibition of both GDP
dissociation and GTP hydrolysis. Second, the gera- the affinity of guanine nucleotide by chelating Mg21, and
when assaying GEF-stimulated nucleotide dissociation.nylgeranyl moiety of Cdc42 inserts into a hydrophobic
pocket within the immunoglobulin-like domain of the By blocking GDP-dissociation, GDI1 inhibits the biologi-
cal activity of the Dbl oncoprotein, which acts as a spe-GDI molecule leading to membrane release. The struc-
tural data demonstrate how GDIs serve as negative cific GEF for Cdc42 and Rho. It was subsequently shown
that GDI1 is also capable of inhibiting GTP hydrolysisregulators of small GTP-binding proteins and how the
isoprenoid moeity is utilized in this critical regulatory by Rho family GTPases (Hart et al., 1992), blocking both
intrinsic and GAP-catalyzed GTPase activity. Thus, theinteraction.
GDI can intercede at two points in the GTP-binding/
Introduction GTPase cycle. This implies that the GDI is able to bind
to the activated, GTP-bound state of Rho proteins as
The Rho-related GTP-binding proteins (e.g., Cdc42, well as to their inactive, GDP-bound state, and in fact
Rac, and Rho) function as tightly regulated molecular we have found that GDI1 binds with essentially identical
switches that govern a variety of important cellular affinities to the two nucleotide states of Cdc42 (Noman-
functions. Originally, these GTP-binding proteins were bhoy and Cerione, 1996).
thought to be primarily responsible for mediating the The third biochemical activity associated with the GDIs
reorganization of the actin cytoskeleton (Hall, 1998). is their ability to stimulate the release of Cdc42, Rac,
More recently, it has become apparent that Cdc42, Rac, and Rho from cellular membranes. Solubilization of the
and Rho are all capable of initiating signaling pathways GTP-binding proteins is linked to the requirement that
that impact on gene expression and cell growth regula- they be isoprenylated in order to interact with the GDIs
tion and that each of these GTP-binding proteins is es- (Hori et al., 1991; Nomanbhoy and Cerione, 1996). All
sential for Ras to induce malignant transformation (Sy- Rho family low molecular weight GTP-binding proteins
mons, 1996). The multiple biological functions of the contain a conserved -CAAX sequence at their carboxyl
Rho-related proteins are mediated through a tightly terminus which is the site of a series of post-translational
regulated GTP-binding/GTPase cycle. Three different modifications, the most significant of which is the iso-
classes of proteins are required for this regulation. These prenylation of the conserved cysteine residue. In the
are: (1) guanine nucleotide exchange factors (GEFs), case of Cdc42, Rac1, and RhoA, the -CAAX sequence
which stimulate the GTP±GDP exchange reaction; (2) is recognized by geranylgeranyl transferase 1, which
GTPase-activating proteins (GAPs), which stimulate the covalently attaches a 20-carbon geranylgeranyl moiety
GTP-hydrolytic reaction; and (3) guanine nucleotide dis- to the cysteine via a thioether linkage (Casey and Sea-
sociation inhibitors (GDIs), which antagonize the actions bra, 1996). Following geranylgeranylation, proteolysis of
of both GEFs and GAPs. the three carboxy-terminal amino acids occurs, leaving
During the past few years, a significant amount of the newly formed carboxy-terminal geranylgeranylated
biochemical, mechanistic, and structural information cysteine residue to be carboxymethylated. In the ab-
has been obtained regarding how GEFs and GAPs regu- sence of a GDI, the geranylgeranyl moiety is inserted
late the GTP-binding/GTPase cycle of small GTP-bind- into the lipid bilayer and anchors the Rho proteins to
ing proteins including those of Rho family members cellular membranes. Membrane association is essential
to the biological activity of Rho proteins as prenylation-
* To whom correspondence should be addressed (e-mail: rac1@ defective mutants are mislocalized and suppress the
cornell.edu).
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11794. proteins is found in complex with GDI proteins indicating
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Table 1. Data Collection and Refinement
Data Collection Statistics
Data set Native 1 Native 2 Native 3 Merged
Beamline CHESS F-2 CHESS A-1 CHESS A-1
Resolution (AÊ ) 34.0±2.70 39.9±2.70 27.2±2.60 39.9±2.60
Total observations 55,715 29,631 46,324 90,533
Unique reflections 12,469 12,610 14,914 15,454
Redundancy 4.5 2.3 3.0 5.9 (2.4)a
Completeness (%) 89.7 95.5 96.8 100.0 (99.8)a
I/s 6.3 6.1 6.4 5.7 (1.8)a
Rsymb 8.9 7.8 8.7 9.5 (37.2)a
Refinement Statisticsc
Rworkd (%) 25.7 (47.1)*
Rfreee (%) 32.0 (48.0)*
Rmsd bond distances (AÊ ) 0.007
Rmsd angle (AÊ ) 1.64
Rmsd B factors bonded main chain (AÊ 2) 1.91
Rmsd B factors bonded side chain (AÊ 2) 2.22
Rmsd B factors angle side chain (AÊ 2) 3.34
Rmsd B factors angle side chain (AÊ 2) 3.42
Average B factor all atoms (AÊ 2) 75.8
Average B factor Cdc42 atoms (AÊ 2) 68.0
Average B factor GDI atoms (AÊ 2) 83.8
Average B factor waters (AÊ 2) 49.4
Residues in favorable region of Ramachandran plot 81%
a Data for the highest resolution shell (2.64±2.60 AÊ ).
b Rsym 5 j (I(hi) 2 I(h) j/I(hi), where I(hi) is the scaled intensity of the ith symmetry-related observation of reflection h and I(h) is the mean value.
c Calculated against the complete merged data set.
d Rwork 5 j (Fo(h) 2 Fc(h) j/ Fo(h) where Fo(h) and Fc(h) are the observed and calculated structure factor amplitudes for reflection h calculated
against all data included in the refinement.
e Rfree is calculated similarly to Rwork for 10% of randomly chosen reflections not included at any stage in the refinement.
that GDIs are critical regulators of the subcellular local- complex elutes from a gel filtration column at a position
ization of Rho proteins (Regazzi et al., 1992). Transfer of consistent with a stable heterodimer containing one
the isoprenoid moiety from the lipid bilayer to a binding molecule each of Cdc42 and GDI (data not shown). While
pocket within the GDI directly results in the dissociation the complex was soluble in the absence of detergent,
of the Cdc42/GDI complex from the membrane produc- 2 mM LDAO (lauryldimethylamine-oxide) was required
ing a soluble species (Nomanbhoy et al., 1999). to produce diffraction quality crystals.
Given their ability to influence both the cellular loca- Models for the GDP-bound form of nonprenylated
tion and the cycling of Rho proteins between the GDP- Cdc42 (N. N., unpublished data) and the immunoglobu-
and GTP-bound states, it seems likely that the GDIs play lin-like domain of GDI (Keep et al., 1997) were used to
critical roles in the regulation of signaling events through identify a molecular replacement solution for the Cdc42/
Cdc42, Rac, and Rho. In order to achieve a molecular GDI complex. Electron density maps, calculated using
understanding of this regulation, we have solved the phases from the molecular replacement solution, showed
three-dimensional structure for the complex between strong electron density for regions of the structure not
GDP-bound Cdc42 and RhoGDI by X-ray crystallogra- included in the search models, particularly the amino-
phy. This work provides a structural understanding of terminal domain of GDI and the modified carboxyl termi-
all three biochemical activities of the GDI as well as a nus of Cdc42. As the refinement progressed, the density
view of a fully processed, lipid-modified GTP-binding of these regions improved allowing a complete model
protein and how this modification influences critical as- of the Cdc42/GDI complex to be built. The current model
pects of its regulation. has an Rwork of 25.7% and an Rfree of 32.0% at 2.6 AÊ
resolution and contains both the carboxy-terminal and
amino-terminal domains of the full-length GDI, as wellResults and Discussion
as the geranylgeranylated and carboxymethylated form
of Cdc42 bound to GDP. Data collection and refinementStructure Determination
statistics are summarized in Table 1.Posttranslationally modified Cdc42 was produced in in-
sect cells and specifically extracted from the insect cell
membranes using E. coli lysates containing overex-
Structural Overview of the Cdc42/GDI Complexpressed RhoGDI (herein referred to as GDI) in the pres-
The overall structure of the complex between the GDP-ence of 0.4% CHAPS (see Experimental Procedures).
bound form of Cdc42 and the full-length GDI is illustratedUnder these conditions, the isoprenylated Cdc42 pro-
tein forms a soluble, high-affinity complex with GDI. The in Figure 1A. The structure reveals that the GDI protein
Structural Studies of the Cdc42/GDI Interaction
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Figure 1. Structure of the Cdc42/GDI Complex
(A) Ribbon representation of GDI (blue) bound to Cdc42 (yellow). The switch I (red) and switch II (gold) domains of Cdc42 are highlighted. A
ball-and-stick representation of the geranylgeranylated and carboxymethylated cysteine is shown in magenta. The GDP and Mg21 ion are
shown in the nucleotide-binding pocket in a ball-and-stick representation. (B) Stereo view of a simulated annealing omit map for the Cdc42/
GDI complex in the region of the geranylgeranyl moiety contoured at 1s (blue wire mesh), calculated in CNS using (2Fo 2 Fc) SIGMAA weighted
coefficients (Read, 1986) and phases derived from the model. The geranylgeranyl group and all atoms within 3.5 AÊ of this moiety were omitted
and all data between 8.0 and 2.6 AÊ resolution were included in the calculation. Clear density for the geranylgeranyl moiety is observed in the
map and a wire model (red) of this moiety as well as the ªhydrophobic triadº of Trp194, Leu77, and Phe102 is shown.
Cell
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Figure 2. The Cdc42/GDI Interface
(A) Schematic representation of the polar interactions between Cdc42 and GDI at the protein-protein interface. Hydrogen bonds are shown
as dotted lines between interacting groups with bond distances indicated in AÊ . The Mg21 ion is shown in purple while GDP is represented by
a red box. (B) Sequence alignment of Rho-specific GDI proteins: the bovine GDI1 (GDI1Bt), the human GDI1, -2, and -3 isoforms (GDI1Hs,
GDI2Hs, and GDI3Hs, respectively), and the Saccharomyces cerevisiae GDI (Rdi1Sc). Residues of the GDI that interact with switch I, switch
II, or regions outside of the switch domains are highlighted in red, gold, and yellow, respectively (Leu48 and Tyr51 interactions with switch II
are not indicated). Residues lining the geranylgeranyl-binding pocket are shown in cyan. The arrow indicates the position of the Ile177 residue
that is not conserved in GDI2. Secondary structure elements are shown above the sequence alignment.
is comprised of two domains, confirming previous bio- nearly identical to the structure of Cdc42´GDP (N. N.,
unpublished data) with a root-mean-square deviationchemical and structural work (Gosser et al., 1997; Keep
et al., 1997). The geranylgeranyl-binding domain com- (rmsd) of 0.96 and 0.72 AÊ , respectively, for the Ca atoms
of residues 1±178. The most significant change in theprises the carboxy-terminal two-thirds of the molecule
(residues 74±204). This domain folds into an immuno- Cdc42´GDP structure is localized to the b2-b3 hairpin
with the largest movement being a 4.7 AÊ shift of theglobulin-like b sandwich and is responsible for the ability
of the GDI to extract Cdc42 from cellular membranes. Ca of Gly48. The geranylgeranylation of cysteine 188
in Cdc42 renders this residue unavailable to form theA short linking segment (residues 56±73) connects the b
sandwich motif to the amino-terminal domain (residues disulfide bond observed in previous structures involving
the nonprenylated, E. coli-expressed Cdc42 (Nassar et5±55). The amino-terminal region of the GDI contains a
helix-loop-helix motif (residues 35±55) that comprises al., 1998; N. N., unpublished data), and as a result, the
carboxyl terminus adopts a dramatically different struc-the ªregulatory armº of the GDI and is likely responsible
for the inhibition of both GDP dissociation and GTP ture. In the Cdc42/GDI complex, the a6 helix of Cdc42
is terminated by a series of proline residues (179-PPEP-hydrolysis by Cdc42 through interactions with the switch
I and II regions. A short helix (residues 10±15) at the 182) that introduce a kink in the peptide chain. This kink
directs the carboxyl terminus of Cdc42 away from theextreme amino terminus of the GDI folds back against
the immunoglobulin-like domain contributing residues GTP-binding domain where it forms an extended struc-
ture that interacts with the GDI and allows for the inser-to the geranylgeranyl-binding pocket. The domain struc-
ture of the complex is in general agreement with a re- tion of the geranylgeranyl moiety into a hydrophobic
pocket within the immunoglobulin-like domain. A simu-cently reported lower resolution structure (Longenecker
et al., 1999). lated annealing omit map of the geranylgeranyl moiety
shows clear electron density for this group within theThe structure of GDP-bound Cdc42 in complex with
the GDI is remarkably similar to the X-ray crystal struc- hydrophobic pocket on the GDI (Figure 1B). Both do-
mains of the GDI form contacts with Cdc42 (Figures 2Ature reported for RhoA´GDP (Ihara et al., 1998) and is
Structural Studies of the Cdc42/GDI Interaction
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and 2B), described in detail below. Consistent with the of Phe102 5.5 AÊ from the side chain of Trp194 and 8.8 AÊ
from the side chain of Leu77, dramatically expanding thehigh affinity observed for the Cdc42/GDI interaction, the
complex buries an accessible surface area of 2037 AÊ 2. base of the pocket. The movement of this ªhydrophobic
triadº is critical in the formation of a binding site for theThe interaction between the geranylgeranyl moiety
attached to Cdc42 and the hydrophobic binding pocket distal isoprene unit of the geranylgeranyl moiety.
Preceding the geranylgeranylated cysteine, the car-of the GDI accounts for almost 25% of the buried sur-
face area. boxyl terminus of Cdc42 contains a polybasic sequence,
183-KKSRR-187, thought to contact the head groups of
acidic phospholipids when Cdc42 is associated with theThe Geranylgeranyl-Binding Pocket
lipid bilayer (Adamson et al., 1992). An acidic patch isPrevious crystallographic and NMR studies of Ras-like
created in the geranylgeranyl-binding pocket of the GDIGTP-binding proteins have been restricted to proteins
by Gln130, Thr142, Tyr144, Glu163, Glu164, and a num-lacking their lipid modification, leaving an important gap
ber of main chain carbonyl groups. Lys184 and Arg186in our structural understanding of these signaling mole-
of Cdc42 are inserted into the hydrophobic pocket andcules. Cdc42 must be geranylgeranylated in order to
interact with this negatively charged region. The inser-bind the GDI; thus, the structure of the Cdc42/GDI com-
tion of these residues effectively extends one wall ofplex provides a view of an isoprenylated Ras-like GTP-
the geranylgeranyl-binding site, and in the absence ofbinding protein.
the long aliphatic portion of Arg186, the hydrophobicThe geranylgeranyl moiety at the carboxyl terminus
pocket of the GDI would not adequately protect theof Cdc42 is inserted into a hydrophobic pocket between
geranylgeranyl moiety from the solvent. By requiring itsthe two opposing b sheets of the immunoglobulin-like
target GTP-binding protein to contribute specific resi-domain of the GDI (shown in Figure 3A) in a manner
dues to the formation of the hydrophobic pocket, thesimilar to that proposed from structural studies of the
GDI exhibits specificity not only toward the geranylgera-isolated domain (Gosser et al., 1997; Keep et al., 1997).
nyl moiety, but also toward the amino acid sequence atThe pocket is lined with conserved hydrophobic resi-
the carboxyl terminus of Cdc42. The acidic patch indues that form favorable van der Waals contacts along
the geranylgeranyl-binding pocket likely contributes tothe length of the geranylgeranyl group (Figure 3B). We
membrane release by competing for interactions be-have shown previously that GDI1 binds to the modified
tween the polybasic sequence of Cdc42 and the headform of Cdc42 with a 20-fold greater affinity than does
groups of acidic phospholipids when Cdc42 is insertedthe homologous GDI2 (Platko et al., 1995). This differ-
into target membranes.ence in affinity was attributed to a single amino acid
The geranylgeranyl moiety is comprised of four iso-change from Ile177 in GDI1 to an asparagine residue at
prene units. The chemistry of the geranylgeranyl moietythe corresponding position in GDI2. In the Cdc42/GDI
restricts the conformation of this group. First, trans dou-complex, Ile177 lies in the hydrophobic pocket of the
ble-bonds force each of the isoprene units to adopt aGDI at a position roughly in the center of the geranylgera-
planar structure. A second constraint arises from thenyl moiety. The presence of a polar side chain at this
single carbon±carbon bonds between isoprene unitsposition in the binding pocket is not compatible with the
(the C5-C6, C10-C11, and C15-C16 bonds; see Figurehydrophobic geranylgeranyl moiety, thus accounting for
3B). The fully extended all-trans conformation of thethe lower affinity observed for the binding of Cdc42
geranylgeranyl moiety is energetically favored. Stericto GDI2.
constraints in the geranylgeranyl-binding pocket pre-The overall structure of the immunoglobulin-like do-
clude the insertion of this moiety in a fully extendedmain of the GDI within the Cdc42/GDI complex is similar
conformation and require that the geranylgeranyl groupto the structure reported for the isolated domain (Gosser
be distorted from its ideal geometry in order to bind toet al., 1997; Keep et al., 1997). However, significant local
the GDI. These dihedral rotations induce a kink in thestructural changes occur to avoid steric interference
geranylgeranyl moiety allowing it to conform to the con-between the bulky geranylgeranyl group and the hy-
strained hydrophobic pocket of the GDI molecule anddrophobic side chains lining the pocket (Figure 3C). The
avoid unfavorable contacts with the acidic region of themost dramatic movement is a deepening at the base of
pocket.the pocket caused by the displacement of Trp194,
Leu77, and Phe102. The movement of these side chains
is accompanied by displacement of strand bI (residues Implications for the Mechanism of GDI-Mediated
Membrane Release of Rho Family190±199) and strand bH (residues 173±182) on the GDI
and a movement of residues 90±103 displacing the 310 GTP-Binding Proteins
Kinetic studies on the association of the GDI with mem-helix observed in the structure of the free immunoglobu-
lin-like domain. In the structure of the isolated immuno- brane-bound Cdc42 have established a two-step model
for this interaction (Nomanbhoy et al., 1999). The fastglobulin-like domain, the side chains of Trp194 and
Leu77 form a constriction at the base of the hydrophobic kinetics of the first phase correspond to the association
of the GDI with Cdc42 at the surface of the membrane.pocket. Phe102 forms van der Waals contacts with both
Trp194 and Leu77, further occluding the base of the A slow conformational change follows, resulting in the
release of the Cdc42/GDI complex from the membrane.pocket. In the Cdc42/GDI complex, the 1.7 AÊ movement
of the Trp194 Ca, coupled with a 1.0 AÊ shift of the Leu77 This model can now be evaluated in the context of the
structure of the Cdc42/GDI complex. When Cdc42 isCa, creates space for the geranylgeranyl moiety to pass
between the side chains of these two residues. Re- bound to the membrane, the geranylgeranyl moiety is
inserted into the bilayer while the polybasic sequencearrangement of residues 90±103 positions the side chain
Cell
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Figure 3. The Geranylgeranyl-Binding Pocket
(A) The geranylgeranyl-binding pocket in the immunoglobulin-like domain of the GDI (red ribbons) is shown. Hydrophobic side chains of the
GDI important in forming the binding pocket are shown in a red ball-and-stick representation. The interior of the geranylgeranyl-binding pocket
was defined by rolling a water molecule of radius 1.4 AÊ along the inside of the pocket and rendered as a light blue translucent surface. The
geranylgeranyl moiety is inserted into the hydrophobic pocket and shown in yellow. The geranylgeranyl moiety is covalently attached via a
thioether linkage to the carboxy-terminal Cys188 (yellow) of Cdc42 and the carboxymethylation of this cysteine is also shown. The polybasic
tail of Cdc42 is shown in a green ball-and-stick representation. (B) Schematic representation of the nonpolar residues forming the geranylgeranyl-
binding pocket. Hydrophobic contacts from the GDI are represented by hatched arcs. Cysteine 188 and its associated modifications and
Arg186 from Cdc42, the hydrophobic triad of Trp194, Leu77, and Phe102, as well as Ile177 from GDI are shown in a ball-and-stick representation.
(C) Comparison of the hydrophobic pockets in the isolated immunoglobulin-like domain of the GDI (blue surface) and in the Cdc42/GDI
complex (white surface). The structure of the isolated immunoglobulin domain of the GDI was overlaid with this domain in the Cdc42/GDI
complex (residues 59±203 Ca rmsd 5 0.97 AÊ ). The interior of the hydrophobic pocket in each structure was defined as described above and
represented as a solid surface. The surfaces are cut along a plane parallel to the geranylgeranyl moiety to illustrate the expansion of the
pocket in the Cdc42/GDI complex. The orientation and labeling are identical to that described for (A) with the addition of corresponding side
chain residues from the uncomplexed immunoglobulin-like domain (blue) to show movement of these residues.
of Cdc42 interacts with the head groups of acidic phos- terminal regulatory domain of the GDI to the switch I
and II regions on the cytosolic face of Cdc42 (see below).pholipids. The initial fast step for the Cdc42/GDI interac-
tion most likely corresponds to the binding of the amino- This would position the mouth of the geranylgeranyl-
Structural Studies of the Cdc42/GDI Interaction
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binding pocket against the membrane surface. The sec-
ond step would then correspond to a slower isomeriza-
tion event, with the geranylgeranyl group moving from its
position in the membrane into the hydrophobic binding
pocket of the GDI. By directly exchanging the lipid bi-
layer for the hydrophobic binding pocket of the GDI, the
geranylgeranyl moiety would avoid unfavorable contact
with the solvent. The isomerization of the geranylgeranyl
group, allowing it to conform to the constrained hy-
drophobic pocket of the GDI, may represent the rate-
limiting step for the release of the Cdc42/GDI complex
from membranes.
The Amino-Terminal Regulatory Arm of the GDI
Molecule and the Complex Interface
In previous studies, we and others have shown that the
amino-terminal region of the GDI is required for its ability
to inhibit GTP±GDP exchange and GTP hydrolysis by
Rho family proteins and that this region makes a signifi-
cant contribution to the binding energy for complex for-
mation (Platko et al., 1995; Gosser et al., 1997; Keep et
al., 1997). The conserved residues between 34 and 55
adopt a well-ordered helix-loop-helix motif, as shown
in Figure 4A, forming the regulatory arm of the GDI mole-
cule. The longer aC helix (residues 46±55) is connected
to the shorter aB helix (residues 35±39) by a tight loop.
Complementary hydrophobic surfaces between the two
helices interact to form a stable structure. The side
chains contributing to these hydrophobic contacts in-
clude the aliphatic portions of residues Ile35, Ile38, and
Gln39 of aB, Leu48, Arg49, Tyr51, Lys52, Leu55, and
Leu56 of aC, as well as Lys43 from the intervening loop.
This hydrophobic interface between the aB and aC heli-
ces creates a binding surface for the switch II region of
Cdc42 where the conserved hydrophobic side chains
of Tyr64, Leu67, and Leu70 are inserted.
An important feature of the Cdc42/GDI interface is the
bridging of the two domains of the GDI. A particularly
striking example of how Cdc42 mediates these bridging
contacts is presented by arginine 66 from the switch II
region (Figure 4B). The guanidinium group of this argi-
nine forms hydrogen bonds with the side chain of
Asp185 and the main chain carbonyls of Pro30 and Ala31
of the GDI, while the aliphatic portion of the arginine
makes favorable hydrophobic interactions with Gln32
and Ile38 of the amino terminus and Ile122 from the
immunoglobulin-like domain of the GDI. The extensive
network of Cdc42-mediated interactions stabilizes the
structure of the flexible amino-terminal region against
the more stable structure of the immunoglobulin-like
domain. The bD-bE, bF-bG, and bH-bI connecting loops
of the immunoglobulin-like domain of the GDI form a
surface contiguous with the helix-loop-helix motif that
contributes important interactions to the complex inter-Figure 4. Interaction of the Amino-Terminal Domain of the GDI and
face (see Figures 1A and 2A). Leu70 and Pro73 fromthe Switch I and II Regions on Cdc42
(A) Ribbon representation of the helix-loop-helix (pale blue) in the
amino-terminal region of the GDI interacting with the switch II do-
main of Cdc42 (gold). Side chains of residues involved in hydropho- involved in stabilization of Arg66 as shown. (C) Interactions of the
bic interactions at the interface of these domains are shown in a switch I region of Cdc42 (yellow) and the aC helix of GDI (pale blue)
ball-and-stick representation. (B) GDI residues (pale blue) involved important for inhibition of nucleotide dissociation. The hydrogen
in coordination of Arg66 in switch II (yellow) of Cdc42. Hydrogen bond between Asp45 and the side chain of Thr35, as well as contacts
bonding contacts with the main chain of Ala30 and Pro31 and the from the main chain carbonyl of Thr35 and the Mg21 ion, are shown
side chain of Asp185 are shown as dotted lines. The hydrophobic as dashed lines. The hydrogen bond between Ser47 and the main
side chains of Pro30, Gln32, Ile38, and Ile122 of the GDI are also chain amide group of Val36 is also shown.
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switch II stack against Ile122 and Tyr149 of the GDI,
respectively. A pair of histidines (residues 103 and 104)
from the a3 helix of Cdc42 also contact this surface,
forming hydrogen bonds with Asp184 and Ser148 of the
GDI, respectively.
Residues 5±25 of the GDI form a poorly ordered ex-
tended loop in the complex. In the middle of this region,
residues 10±15 form a short helix (the aA helix). Leu11
and Ile14 form a hydrophobic face on this amino-termi-
nal helix that serves as a cap for the geranylgeranyl-
binding pocket and may thereby provide a driving force
for releasing the GTP-binding protein from cellular mem-
branes. Ile14 packs against the geranylgeranylated cys-
teine residue of Cdc42 and forms favorable contacts
with the first isoprene unit as part of a patch created
by two conserved hydrophobic residues (Val137 and
Ile139) in the bF strand of GDI. While not essential for
binding to the geranylgeranylated form of Cdc42, re-
moval of the 25 amino-terminal residues of the GDI re-
sults in an z4-fold loss in binding affinity (Platko et al.,
1995). This difference in binding affinity is likely ex-
plained by the favorable interactions between the amino-
terminal aA helix of the GDI and the geranylgeranyl-
binding pocket.
Switch I and the GDI Effect
Residues within the regulatory arm of the GDI serve to
coordinate Thr35 in switch I of Cdc42. As shown in
Figure 4C, the side chain of the conserved Asp45 from
GDI is hydrogen bonded to Thr35 in Cdc42. Ser47 from
the GDI is within hydrogen bonding distance of both
the main chain carbonyl and amide groups of Val36,
adjacent to Thr35. This valine is further stabilized in a
hydrophobic pocket created in part by Val48 and Thr51
from the aC helix of GDI.
Thr35 is conserved in all GTP-binding proteins and is
essential for the coordination of the Mg21 ion. The Mg21
ion coordination observed in the crystal structure of the
GDP-bound Cdc42/GDI complex is similar to that seen
in the structure of the GDP-bound form of RhoA (Wei et
Figure 5. Structure of the Switch Domains
al., 1997) but differs significantly from the corresponding
(A) Structure of the switch I domain of Cdc42. The switch I domaincoordination in Ras´GDP (de Vos et al., 1988). The main
of Cdc42 in the crystal structures of the Cdc42/GDI complex (yellow),
chain carbonyl of Thr35 from Cdc42 occupies the posi- the Cdc42/GAP/AlF3 complex (red), and uncomplexed Cdc42´GDP
tion of one Mg21-coordinated water molecule seen in (blue) are superimposed. The aC helix (light blue) of GDI from the
Cdc42/GDI complex is shown for reference. (B) Structure of theRas´GDP. The conformation of switch I in the Cdc42/GDI
switch II domain of Cdc42. A similar comparison of the switch IIcomplex is nearly identical to that of free Cdc42´GDP
domains of Cdc42 is shown for these three structures with the same(Figure 5A). Similarly, the main chain carbonyl of Thr35
color scheme as in (A). A ball-and-stick representation of residuesdirectly coordinates the Mg21 ion in the complex. The
61±63 is used to illustrate the positions of these side chains in each
conformation of switch I in GDP-bound Cdc42 exposes structure. The positions of the GDP, AlF3, Mg21, and catalytic water
the side chain of Thr35 to the solvent where it is able molecule in the Cdc42/GAP/AlF3 complex are shown for reference.
This figure was generated by superimposing Cdc42 in all three struc-to contact the GDI. This interaction stabilizes the unique
tures omitting the switch II domain from the alignment.Mg21 coordination by the main chain carbonyl of Thr35
and consequently should enhance the affinity for the
nucleotide, thereby providing a plausible mechanism out in the X-ray crystal structure of RhoA´GDP (Wei et
al., 1997), interactions between the side chain of Thr35for the ability of the GDI protein to inhibit nucleotide
exchange on Cdc42. This stabilization is reflected in the and the Dbl molecule may disrupt the Mg21 ion coordi-
nation and initiate GTP±GDP exchange. We proposeB factors of the phosphate groups of the nucleotide
(Bave 5 58 AÊ 2), which are significantly lower than the that the GDI antagonizes Dbl-catalyzed nucleotide ex-
change by competing for this key threonine residue andoverall B factor for the guanine base (Bave 5 81 AÊ 2).
Importantly, the side chain of Thr35 in Cdc42 is essen- thereby stabilizes nucleotide binding. Disruption of the
Mg21 ion coordination is central to the proposed mecha-tial for the nucleotide exchange reaction catalyzed by
the Dbl family of GEFs (Li and Zheng, 1997). As pointed nism of GEF-catalyzed nucleotide exchange based on
Structural Studies of the Cdc42/GDI Interaction
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Figure 6. Ribbon Diagram Comparing the Interface Formed between Cdc42 and Its Multiple Binding Partners
The structures of the Cdc42/GDI complex (top center), the Cdc42/GAP/AlF3 complex (lower right), and the Cdc42/WASP complex (lower left)
are shown in identical orientations by superposition of Cdc42. In each complex, Cdc42 is shown in yellow and the switch I and II domains
are colored red and gold, respectively. The nucleotide and associated Mg21 ion are shown as a ball-and-stick representation. The Cdc42-
binding partner in each complex is represented by a blue ribbon. Regions of each binding partner that exhibit overlap at the Cdc42 interface
are highlighted in pink.
the X-ray structures of the Ras/SOS (Boriack-Sjodin et Switch II and the GTPase-Inhibitory Protein
(GIP) Activity of the GDIal., 1998) and Arf/Sec7 (Goldberg, 1998) complexes. In
these structures, disruption of the Mg21 ion coordination In the Cdc42/GDI complex, the structure of the switch
II region in Cdc42 consists of two short 310 helices. Theis associated with dramatic conformational changes in
the switch II region of the GTP-binding protein. The GDI first helix covers residues 62±64 while the second is
comprised of residues 68±70. This conformation offorms extensive contacts with the switch II region of
Cdc42 (see below), and stabilization of switch II may switch II is very similar to that described for the GTP-
bound forms of Rac (Hirshberg et al., 1997) and RhoAact in concert with the coordination of Thr35 to inhibit
nucleotide exchange. (Ihara et al., 1998) as well as the GTP-bound form of
Cdc42 in complex with Cdc42GAP (Rittinger et al., 1997).Biochemical studies using a chimera of Cdc42 in
which the insert region was replaced by the correspond- The general fold of the switch II region in the GDP-
bound forms of RhoA (Wei et al., 1997) and Cdc42 (N. N.,ing loop in Ras implicated this region in the GDI-medi-
ated inhibition of GDP dissociation (Wu et al., 1997). unpublished data), while less well defined, appears to
adopt a similar conformation. Interestingly, superposi-While the insert region is distant from the Cdc42/GDI
interface (Figure 1A), it is possible that the insert imparts tion of the crystal structures of Cdc42´GDP, the Cdc42/
GAP/AlF3 complex, and the Cdc42/GDI complex showsmore stability to the nearby TQID motif in Cdc42 (corre-
sponding to NKXD in Ras), which is important for coordi- no dramatic change in the conformation of switch II
(Figure 5B). Thus, unlike Ras, which exhibits significantnating the guanine ring in the nucleotide-binding pocket.
Removal of the insert may disrupt the stabilization of structural rearrangement in this region upon cycling be-
tween the GTP- and GDP-bound conformations, thethe TQID motif and thereby interfere with the ability of
the GDI to inhibit nucleotide dissociation. switch II domain of Cdc42 appears to adopt a structure
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that is largely nucleotide independent. The extensive other regulators of Rho family proteins, namely the GAPs
and GEFs. Figure 6 shows the overlap of the bindingcontacts at the interface of the Cdc42/GDI complex in-
volving residues from the switch II region suggest that regions (highlighted in pink) for Cdc42 complexed to the
GDI, GAP, and the effector WASP, and clearly demon-the nucleotide independence of the switch II structure
is likely an essential aspect of the ability of the GDI to strates that the GDI will compete for the binding of both
effectors and regulatory proteins, effectively blockingassociate with both nucleotide states of Cdc42.
Contacts between the switch II domain of Cdc42 and the GTP-binding/GTPase cycle as well as downstream
signaling by Rho family GTP-binding proteins. This inthe regulatory arm of the GDI comprise the most signifi-
cant interface in the complex outside of the geranylgera- turn suggests that the activation of Cdc42-mediated
signaling pathways will likely require regulatory mecha-nyl-binding pocket. Specifically, Tyr64 is involved in hy-
drogen bonding contacts with two conserved residues nisms that promote the dissociation of the GDI from
the GTP-binding protein. It will be of interest to identifyin the aC helix of GDI, Asp42 and Lys51. As described
above, Arg66 also forms critical interactions (see Figure cellular proteins that participate in such regulation by
influencing the ability of the GDI to bind to Cdc42. The4B). The interaction between switch II of Cdc42 and
the GDI is also characterized by a series of nonpolar structural information provided by the Cdc42/GDI com-
plex will allow the design of experiments that specificallyinteractions involving Leu67, Leu70, and Pro73 as well
as the aliphatic portions of Tyr64 and Arg66 (see Figure block the three distinct activities of the GDI molecule in
vivo and thereby provide insights into the importance4A). The extensive contacts between GDI and switch II
result in a well-ordered conformation for this region in of this regulatory interaction for Cdc42-mediated sig-
naling.the Cdc42/GDI complex.
The essential role of Gln61 in the GTP-hydrolytic
Experimental Proceduresmechanism suggests that the extensive contacts formed
between the GDI and the switch II region of Cdc42 will
Protein Purification and Crystallizationbe important in the inhibition of GTP hydrolysis caused
A hexahistidine-tagged construct of the human Cdc42 isoform was
by GDI binding. Many effectors of Cdc42 also exhibit expressed in insect cells using a baculovirus expression system as
GIP activity, and the recently described NMR structures described (Wu et al., 1997). Large-scale insect cell expression was
of activated Cdc42 in complex with WASP (Abdul-Manan carried out in suspension cultures of Sf9 cells by Kemp Biotechnolo-
gies Inc. The bovine isoform of RhoGDI was expressed as a GSTet al., 1999) (compared with the GDI structure in Figure
fusion protein as described (Platko et al., 1995). The insect cells6) and ACK (Mott et al., 1999) show that, like the GDI,
were lysed by homogenization in buffer A (500 mM NaCl, 100 mMthese effectors form hydrophobic contacts with leucines
Tris-HCl, pH 8.0) containing 0.4% CHAPS, 5 mM imidazole, and a
67 and 70 within the switch II region of Cdc42. These protease inhibitor cocktail. Escherichia coli expressing GST-GDI
residues are distinct from those involved in the Cdc42/ were chemically lysed in buffer A containing 1 mg/ml lysozyme. The
GAP interface (also shown in Figure 6) and may provide two lysates were combined and incubated for 1 hr at 48C to allow
complex formation. Clarified lysate was applied to a 10 ml chelatinga common mechanism through which these effectors
Sepharose fast-flow column (Pharmacia). The column was washedand the GDI mediate the inhibition of GTP hydrolysis.
with buffer A containing 20 mM imidazole and eluted with 200 mMThe lack of a dramatic conformational change in
imidazole. The eluted complex was applied to a glutathione-agarose
switch II between the Cdc42/GAP complex and the column (Sigma) equilibrated in buffer B (5 mM MgSO4, 1 mM NaN3,
Cdc42/GDI complex (Figure 5B) raises the possibility 20 mM Tris, pH 7.5), washed with 100 mM NaCl in buffer B, and
that the coordination of switch I in Cdc42 by GDI makes eluted by incubation with thrombin. The complex was further purified
by gel filtration chromatography on a 26 3 60 Superdex 75 columna significant contribution to the GIP activity. However,
(Pharmacia) equilibrated with buffer B. This procedure typicallythis will be better assessed when a structure for the
yielded 10±15 mg of soluble complex from 2.5 liters of insect cellGTP-bound form of Cdc42 complexed to the GDI is
and 4 liters of E. coli cultures.
available. The switch I loop of GDP-bound Cdc42 does Crystals were grown in hanging drops by mixing equal amounts
not change conformation upon GDI binding (Figure 5A), of a protein solution (15 mg/ml) and reservoir solution (15%±20%
whereas, Thr35 in the Cdc42/GAP complex adopts a PEG 4000, 25 mM MgSO4, 100 mM glutamic acid, 2 mM lauryldimeth-
ylamine-oxide, buffered with 100 mM Tris at pH 7.4) and equilibratingconformation similar to that seen in the structure of
at 188C. The Cdc42/GDI complex crystallized in space group R3all Ras-like GTP-binding proteins in their GTP-bound
with unit cell dimensions of a 5 b 5 83.94 AÊ and c 5 191.16 AÊforms, with the hydroxyl group of Thr35 directly coordi-
(hexagonal setting). The crystals contain a single complex in the
nating the Mg21 ion. This GTP-bound conformation for asymmetric unit with an estimated solvent content of 51%. Crystals
switch I is not compatible with the GDP-bound Cdc42/ were cryoprotected by transfer to a reservoir solution with 32% PEG
GDI interface; thus, at present it is unclear if the GDI 4000.
will form a structurally distinct interface with the GTP-
Structure Determinationbound form of Cdc42 or if the GDI will take advantage of
Data from three crystals were collected on beam lines A-1 andthe structural flexibility of switch I to induce an identical
F-2 at the Cornell High Energy Synchrotron Source (CHESS) on ainterface regardless of the nucleotide state of Cdc42.
Quantum4 2k CCD detector. Data processing and integration was
done with the MOSFLM package and scaling with the SCALA pro-
gram (CCP4, 1994). The merged data resulted in a complete dataConclusions
set extending from 33.9 to 2.60 AÊ resolution. Statistics on dataThe GDI acts as an important inhibitor of signaling
collection and refinement are given in Table 1.through Rho family GTP-binding proteins, and the X-ray
The Cdc42/GDI complex was solved by molecular replacementcrystallographic structure of the Cdc42/GDI complex
using the program AmoRe (Navaza and Saludjian, 1997). A model
reported here reveals important atomic detail of this of GDP-bound Cdc42 (N. N., unpublished data) including residues
critical regulatory interaction. Biochemical evidence has 1±178 was unambiguously positioned in the unit cell. Once Cdc42
was identified in the asymmetric unit, its position was fixed allowingshown that the GDI is able to effectively compete with
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a search model of the immunoglobulin-like domain of the GDI (Keep Adamson, P., Paterson, H.F., and Hall, A. (1992). Intracellular local-
ization of p21rho proteins. J. Cell Biol. 119, 617±627.et al., 1997), consisting of residues 70±202, to be positioned. All
subsequent model building and refinement were carried out against Barton, G.J. (1993). ALSCRIPT: a tool to format multiple sequence
all data using the programs O (Jones et al., 1991) and CNS (Brunger alignments. Protein Eng. 6, 37±40.
et al., 1998) implementing an isotropic bulk solvent correction and Boriack-Sjodin, P.A., Mararit, S.M., Bar-Sagi, D., and Kuriyan, J.
using individual B factor refinement and protein structure parame- (1998). The structural basis of the activation of Ras by Sos. Nature
ters from Engh and Huber (1991). Missing residues at the carboxyl 394, 337±343.
terminus of Cdc42 and the amino terminus of the GDI were incorpo-
Brunger, A.T., Adams, P.D., Clore, G.M., Gros, P., Grosse-Kuntsleve,rated into the model as their density became clear. Water molecules
R.W., Jiang, J.-S., Kuszewski, J., Nilges, M., Pannu, N.S., and Read,were included in the refinement when clear electron density was
R.J. (1998). Crystallography and NMR system: a new software sys-apparent in the 2Fo 2 Fc map contoured at 1s and in the Fo 2 Fc
tem for macromolecular structure determination. Acta Crystallogr.contoured at 3s. Waters not involved in hydrogen bonding to protein
D 54, 905±921.atoms or with refined B factors greater than 80 AÊ 2 were not included
Casey, P.J., and Seabra, M.C. (1996). Protein prenyltransferases. J.in the refinement.
Biol. Chem. 271, 5289±5292.The current model includes full-length geranylgeranylated and
carboxymethylated Cdc42 (including three residues introduced from CCP4 (Collaborative Computational Project, No. 4). (1994). The
the expression vector preceding the start methionine), residues 5 to CCP4 suite: programs for protein crystallography. Acta Crystallogr.
204 from GDI (residues 1±4 and additional amino-terminal residues D 50, 760±763.
introduced from the expression vector are disordered), one GDP de Vos, A.M., Tong, L., Milburn, M.V., Matias, P.M., Jancarik, J.,
molecule, two Mg21 ions, and 48 water molecules. The structure is Noguchi, S., Nishimura, S., Miura, K., Ohtsuka, E., and Kim, S.-H.
characterized by a high overall B factor (Bave 5 75.8 AÊ 2), consistent (1988). Three-dimensional structure of an oncogene protein: cata-
with the Wilson statistics that predict an overall B factor of z80 AÊ 2. lytic domain of human c-H-ras p21. Science 239, 888±893.
The crystals used for structural analysis were exceptional as typical
Engh, R.A., and Huber, R. (1991). Accurate bond and angle parame-crystals exhibit Wilson statistics approaching 100 AÊ 2 and do not
ters for X-ray protein-structure refinement. Acta Crystallogr. A 47,diffract beyond 3 AÊ . The high B factor is characteristic of the disorder
392±400.observed in the amino-terminal loops of the GDI and the insert region
Fukumoto, Y., Kaibuchi, K., Hori, Y., Fujioka, H., Araki, S., Ueda, T.,(residues 122±135) of Cdc42. These regions are solvent exposed
Kikuchi, A., and Takai, Y. (1990). Molecular cloning and characteriza-and do not participate in significant crystal contacts. The inherent
tion of a novel type of regulatory protein (GDI) for the rho proteins,disorder in these regions and the low ratio of parameters to observ-
ras p21-like small GTP-binding proteins. Oncogene 5, 1321±1328.ables at the current resolution make further refinement of the model
difficult. The model has reasonable geometry with 81% of the resi- Geyer, M., and Wittinghofer, A. (1997). GEFs, GAPs, GDIs and ef-
fectors: taking a closer (3D) look at the regulation of Ras-relateddues in the most favorable region of the Ramachandran plot (no
violations). The final model has an Rwork of 25.7% and an Rfree of GTP-binding proteins. Curr. Opin. Struct. Biol. 7, 786±792.
32.0% including all data from 39.9 to 2.60 AÊ resolution. Coordinates Gillilan, R.E., and Wood, F. (1995). Visualization, virtual reality, and
of the Cdc42/GDI complex have been deposited at the Protein Data animation within the data flow model of computing. Computer
Bank (accession code 1DOA). Graphics 29, 55.
Figures 1A, 3, 4, and 5 were prepared with MOLSCRIPT (Kraulis, Goldberg, J. (1998). Structural basis for activation of Arf GTPases:
1991) and rendered with Raster3D (Merritt and Murphy, 1994). Figure mechanism of guanine nucleotide exchange and GTP-myristoyl
1B was prepared with the PLOT routine implemented in O (Jones switching. Cell 95, 237±248.
et al., 1991). Figure 2A was prepared with Alscript (Barton, 1993).
Gosser, Y.Q., Nomanbhoy, T., Aghazadeh, B., Manor, D., Combs,Figure 2B was generated with IsisDraw. Ligplot was used to illustrate
C., Cerione, R., and Rosen, M. (1997). C-terminal binding domainthe geranylgeranyl-binding pocket in Figure 3B (Wallace et al., 1995).
of Rho GDP-dissociation inhibitor directs N-terminal inhibitory pep-Geometry for the surface plots in Figures 3A and 3C was generated
tide to GTPases. Nature 387, 814±819.with OpenDX using the CMSP chemistry module suite and rendered
Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Sciencewith the Blue Moon Rendering Toolkit (Gillilan and Wood, 1995).
279, 509±514.
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